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ABSTRACT

In this paper predictions are made for the noise radiation
from supersonic coaxial jets. The noise in the down-
stream arc of a supersonic jet is dominated by highly
directional radiation from the supersonically convecting
large scale structures in the jet mixing layer. Since the
mean flow is not described easily in terms of simple ana-
lytic functions, a numerical prediction is made for its de-
velopment. The compressible Reynolds-averaged bound-
ary layer equations in cylindrical polar coordinates are

solved. A mixing length turbulence model is used. Em-
pirical correlations are developed for the effects of veloc-
ity and temperature ratio and Much number. Both nor-
real and inverted velocity profiles are considered. Com-
parisons with measurements for both single and coaxial
jets show good agreement. The large scale structures are
modeled as instability waves. The noise radiation gener-
ated by the instability waves is determined by a match-
ing between the inner instability wave solution and the
outer acoustic solution. Predictions are made for the dif-

ferences between the noise radiated by coaxial jets with

different operating conditions and a single equivalent jet
with the same exit area, thrust, and mass-flow.

1 INTRODUCTION

The renewed interest in the creation of a High Speed
Civil Transport that is economically viable and environ-

mentally compatible has re-energized research efforts on
supersonic jet noise. This noise issue was intensely ad-

dressed in the supersonic transport program during the
1960's. When the program was abruptly terminated in
1971, the large scale design effort stopped; however, a
low level generic research program continued through
the 1970's allowing small scale experiments and theo-
retical studies to advance the ideas that were beginning
to appear. Given its history and the technical issues
that remain to be addressed, the problem of commu-
nity noise generated by supersonic jets is still a strong
research motivator. To meet FAR 36 Stage 3 noise regu-
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iations, noise suppression technology will need to be ad-
vanced beyond current levels. Thus, there is a continuing
interest to understand the jet noise generation process,
particularly those processes that are important in super-
sonic jet noise. This paper examines a method to mod-

ify the noise generation from a supersonic jet. A single,
supersonic, axlsymmetric jet with given initial velocity
and temperature conditions is replaced by a dual stream,
coaxial jet with different initial velocities and different
initial temperatures. At least one of the jet streams is
supersonic. For classification purposes, when the coaxial
jet flow has a higher inner stream velocity than an outer
stream velocity, the jet is referred to as a normal velocity
profile (NVP) jet. If the outer stream velocity is higher
than the inner stream, the jet has an inverted velocity
profile (IVP). The study combines analytical and numer-
ical techniques. The analytical technique is based on the
theory that instability waves propagating in the jet shear
layer at phase velocities that are supersonic relative to
ambient are the dominant sources of mixing noise radi-
ating in directions downstream of the jet. Shocks are
not considered in this study; hence, the noises associ-
ated with them are ignored in the analysis. To complete

the analytical solution, the developing mean flow prop-
erties must be known at every axial location. Due to
the difficulties in the description of the development of
normal and inverted profile jets with various operating
conditions, the mean flow is determined numerically.

The interest in the measurement of the noise radiated

by coaxial jets increased as the by-pass jet was intro-
duced as an alternative propulsion system to the noisy
turbojet engine. Early measurements for subsonic jets
indicated that there could be noise benefits in the use

of coaxial jets with normal velocity profiles. Using small
scale nozzles, Dosanjh et al [1], [2] and Yu [3] observed,
measured, and documented the existence of a minimum

noise condition for shock containing coaxial jets. They
found that when the outer nozzle pressure ratio was fixed
above critical, the inner nozzle pressure ratio could be
increased from no fl0w conditions to some point where

the measured overall sound power level was a minimum,
less than the outer jet alone. For higher inner pressure
ratios, the noise increased. This minimum noise con-



ditionalways occurred for inner nozzle pressure ratios

lessthan the outer nozzlepressure ratioindicatingthat

the coaxialjetoperated with an invertedvelocityprofile.

The opticalshadowgraphs showed that the outer stream

repetitiveshock structurewas destroyedat the minimum

noiseconditionand replacedby a composite shock struc-

turejustdownstream ofthe nozzleexit.Hence, the over-

allnoise reduction was primarily due to a decrease in

shock associatednoise. The minimum noise condition

depended on nozzlegeometry with innernozzlepressure

ratiosvaryingfrom 2.22 to 2.63.

Further studieson a largerscalecoaxial supersonic

nozzle were conducted and the resultsare detailedby

Ahuja [4],Bassiouni [5] and Bhutiani [6]. They con-

firmed the existenceof a minimum noise condition and

noted that downstream ofthe composite shock structure,

the shocks were very weak or nonexistentindicatingthat

the flow was similarto a properly expanded flow. Noise

reductionswere measured at allfrequenciesand at all

angles.This would mean that not only was shock noise

reduced, which dominates in the upstream direction,but

that mixing noisewas reduced as well,which dominates
in the downstream direction.Itwas also found that di-

rectivitypatternscould be changed by the choiceofpres-

sure and temperature operating conditions. Tanna [7]

conducted measurements of shock-freecoaxialjets with

inverted velocityprofilesto study the effectsof profile

shaping injet mixing noise.In addition,care was taken

in the choiceof initialvelocityand temperature condi-

tions,as Well as exit area,in order to compare results

on a constant thrust,mass flow,and exit area basisto

a fullymixed equivalentsinglejet or referencejet.They

found that high frequenciesincreased at allangles and

that low frequenciesdecreased at angles closerto the

jet exit axis. These changes were relativeto the ref-

erence jet and they became largeras the velocityratio

increasedabove unity.Far fieldspectraremained largely

unchanged by highertemperature ratiosfor a coaxialjet

with both velocitiesthe same. Sincethe farfieldspectra

were peaking at the lower frequencies,the overallsound

pressure levelswere quieterfor U2/UI ;> l at smaller

anglesand noisierat 90 degrees. The higher frequency

noisewas generated primarilyfrom the outer shear layer

before the streams merged. As U2/UI increased,the

outer shearlayerhad a largervelocitydifferencetoambi-

ent resultingin highereddy convectionvelocities,higher

source velocities,and more noise.Conversely,the lower

frequency _oise was generated downstream of merging

where the velocitieswere lower,resultingin lessnoise.

Similarresultswere measured by Mans [8].They con-

cluded that the rapid decay of the maximum mean ve-

locityin invertedvelocityprofilejetswas an important

reason fornoisereductioncompared to the referencejet.

After examining shock-free,invertedprofilecoaxialjet

data,Tanna [9]re-examined some ofthe normal velocity

profiledata and compared the resultsto a referencejet

at the same thrust,mass flow,and exitarea. His conclu-

sionwas that normal profilecoaxialjets,with both inner

stream velocityand temperature greaterthan the outer

stream, are noisierthan the referencejet. Given the

constraintof constant exit area,one stream willalways

have a velocityhigher than the referencejet inorder to

maintain constant totalthrustand mass flow.Since the

maximum velocityof a normal profilejet persistslonger

than the maximum velocityof an inverted profilejet

then,in a Lighthillsense,the normal velocityprofilejet

would generate more noisethan the inverted profilejet.

The experimental work on coaxialjetswas continued by

Taama etal[10]intothe supersonicregime. The converg-

ing nozzles were operated above criticalpressure ratios

resultingin underexpanded, shock-containingjet flows.

They also defined a minimum noise condition based on

overallsound pressure levelmeasurements at upstream

angles where shock associatednoise dominates. For a

fixed outer nozzle pressure ratio above critical,mini-

mum noise was found when the inner nozzle pressure

ratiowas slightlyabove criticalat about 1.9. Depend-

ing on the initialvelocitiesand temperatures ofthe two

jet streams, thiscondition was found to hold for both

inverted velocityprofilesand normal velocityprofiles.

Measurements from differentnozzlesat differentcon-

ditionshave provided data for empirical models, Stone

[11],Stone [12]and Stone [13],and correlations,Pao [14].

A more theoreticalapproach based on turbulence mod-

elingand Lighthill'sindependent noiseproducing eddies

was proposed by Chen 115]. A turbulence model was

used to calculate the mean flow properties that were

the only quantitiesused forthe acousticcalculations.A

more elaboratetheoreticalmodel was proposed by Balsa

and Gliebe [16]and Gliebe and Balsa [17]. They used

turbulence modeling to predictboth the mean flow and

turbulence properties. With a model for the acoustic

source of an elemental jet volume based on localturbu-

lenceproperties,these resultswere used in Lilley'sequa-

tion topredictfarfieldradiatednoiselevelsand spectra.

Gliebe et al [18]recently summarized this model and

made comparisons to variousjet noise suppression noz-

zles. These models tend to agree favorably with mea-

sured data since they allcontain factorsthat were de-
rivedfrom measured data.

In the presentpaper, we providea model forthe noise

generation by the instability waves or large scale struc-

tures in a coaxial jet. The prediction of the development
of the mean flow is described in the next section. Cal-

culations for the evolution of instability waves in coaxial

jets are presented next. The procedure for the calcu-



lationof their radiated noise isalso given. Finally,a

preliminaryparametric study isconducted to compare

the noiseradiatedby both NVP and IVP supersonicjets

with a singleequivalentjetwith the same exitarea,mass

flow,and thrust.

2 MEAN FLOW DEVELOPMENT
This section discusses the methodology used to calculate

the mean flow development of a compressible, coaxial

jet. Both subsonic and supersonic conditions are calcu-

lated. When the jet exit conditions are supersonic, the

jet staticpressure ismatched to the ambient pressure;

hence, the flow isperfectlyexpanded. The approach is

numerical with many simplifyingassumptions used in

the governing equations. These assumptions also lead

to the need for a turbulence model to closethe set of

governing equations.

For the most part,in the past, the calculationof in-

stabilitywaves in a singleaxisyTmnetricjet have used

analyticfunctionsto characterizethe mean flow.These

analyticfunctions have been based on resultsfrom ex-

perimentalmeasurements where data were correlatedus-

ing localsimilarityvariables.Michalke [19]summarized

the use ofdifferentanalyticfunctionsin the calculation

of instabilitywaves. The measured data typicallyin-

clude only velocityprofileresultswhich are sufficient

for incompressible instability wave calculations. When

compressibility is important, the instability wave calcu-

lations require that either the temperature or the density

profile be specified. Often, approximations have been

made that allow the Crocco-Busemann relationship to

be used. This defines the temperature or density pro-

file to be a function of the velocity. Our calculations for

both subsonic and supersonic single jets, using the pro-

cedure described below, show good agreement between
the predicted density profiles and those obtained with

Crocco's relationship. Detailed comparisons are given
by Dahl [20].

when itcomes to a coaxialjet,itisnot clear how

to deriveappropriate analyticfunctionsto describethe

profilesat all axial locations. For a single super-

sonicjet,Tam and Burton [21]used a generalizedhalf-

Gaussian function to describe the mean velocityat all

axiallocations.The functionparameters, centerlineve-

locity,core radius,and half-widthof the mixing region,

were definedby cubic splinefitsto measured data. The

densityprofilewas found by keeping the totaltempera-

ture constant. This approach was possibledue to the

availabilityof measured data; however, there islittle

measured data forcoaxialjets,especiallywith supersonic

conditions,that would allow an analyticaldescription

to be made at allaxiallocationsincludingthe merging

region of a normal profileand an inverted profileinto

a single jet. Thus, the decision was made to generate

mean profiles for the coaxial jets numerically. Morris [22]
and Morris and Baltas [23] calculated instability waves

using numerically generated velocity profiles for a sin-

gle incompressible jet. The extension here is to include

compressibility effects into the spreading and merging of
a coaxialjet.

2.1 TURBULENCE MODEL

In the development of a prediction scheme for the mean

properties of a coaxial jet, our emphasis has been on sim-
plicity and robustness. Also, since the derivatives of the

mean velocity and density must be evaluated accurately

for the instability wave calculations, a very fine grid is

necessary. This has led us to choose a simple turbulence

model. Though this results in a high level of empiricism,

the goals of efficiency, accuracy and robustness have been
achieved.

The compressible equations of motion are simplified in

the present case to their boundary layer form. The as-

sumption is also made that density-velocity correlations

may be neglected: the Morkovin-Bradshaw hypothesis.
The Reynolds stress and heat flux terms are described

by a mixing-length model, such that

- "-7 = (I)
(Jr

and

with,

- pcp_T-"-; CPI'IT
= Pr-" (2)

Laul= P(ClC202 -if; (3)

In eqn. (3) t is a characteristic mixing length scale. The

factor CI is the incompressible part of the mixing length

constant. It depends on the velocity ratio r -- U2/Ux and

the density ratio s - _/Pl between the two streams ei-

ther side of the shear layer. Equations for the expected

vorticity thickness growth rate have been developed by
many investigators from experimental evidence. Thus,

given that we know the vorticity thickness growth rate

for a fixedr and s,we adjusted the Ci factor(C_ set to

I) untilthe calculatedinitialvorticitythicknessgrowth

rateofa singlejetagreed with the predictedvalue.Con-

tinuing this process for a range of r and 8 values re-

sulted in a seriesof calibrationcurves for Ci. A more

detaileddiscussionisgiven by Dahl [20].The C_ factor

isthe compressiblepart of the mixing length constant.

Itspurpose isto decrease the growth of the shear layer

as compressibilityeffectsbecome important. Itdepends

on a Mach number in a frame of referenceconvecting

with the realphase speed ofa growing disturbanceinthe



shear layer. This convected Math number depends on r
and s and on the Mach number of one of the streams.

Experimentalists have used the convected Mach num-

ber to correlatethe normalized measured growth rates

ofcompressibleshear layers.We developed an equation

that fitsthrough thiscorrelateddata inorder to predict

shear layergrowth ratesfor givenflow conditions.Thus,

we proceeded to calibratethe C2 factorgiven that Ct

isallowed to take on itspreviouslycalibratedvalue for

the given r and s. C'2 was adjusted untilthe calculated

initialvorticitythicknessgrowth rate agreed with the

predictedvalue. For thiscase,a singlecalibrationcurve

was generated. Again, detailsaxe given by Dahl [20].

The characteristiclengthscaleisrelatedtothe vortic-

itythickness.For example, in the NVP case,

l= AUmax (4)
lOularlm=

where AUmax isthe largestAU between the two values

determined by using the separation point. The sepa-

rationpoint islocated at the localminimum oflau/c_rI.

The Ct and C2 factorsare alsodetermined from the edge

conditionsthat gave us AUmu. The maximum gradient

[_/Sr_ms= is the largestvalueof [Su/ar[ that occurs in

the merging profile.This approach fordetermining Ct,

C2, and I for a merging normal profilehas the advan-

tage that as the flow transitionsintoa singlejet profile,

the Ct, C2, and I factorstransitionintothe appropriate

form fora single jet.

In the IVP case, during merging, the local maximum

in the velocity profile (where au/o_r -- O) is used to define

the separation point between the two shear layers. As

long as the inner core exists, the two merging shear layers

are treatedseparately,but theirmixing lengthconstants
are added as follows:

This increases IJT across the profileto mimic the in-

creased turbulent action as the inverted profilestarts

to merge. When the inner core ends, eqn. (5) isno

longer used and it is assumed that the mixing pro-

cessin the outer shear layerdominates the flow,hence

(CiC2t)_ot_ = (CtC2_)o,ter.As with the normal profile,

thisusage of Ct, C2, and l transitionsintothe proper

usage for a singlejet downstream. Itshould be noted

that the mixing length model gives/_- = 0 at the lo-

calmaximum, which isunrealistic.The simple solution

taken here was tosmooth the Ic_u/cqr[profile,and hence

smooth/iT. Further detailsof thisprocessaxe given by

O_l [20].

2.2 NUMERICAL METHOD

in the present approach the equations of motion are

transformed into stream function coordinatesusing,

O_ 0_

_P_ = _7 and _ = - a-_ (6)

where _ isthe

mean velocity.

be written,

mass averaged radialcomponent of the

The boundary layerequations may then

Ou 0 f 2 au 1
= (7)

where//is the mean enthalpy and,

#eft "-- _ 4- #T (9)

and,
1+_I:

Pr eet = t _ (10)

Equations (7) and (8) axe the basis for the numerical

work of Patankax and Spalding [24]and Crawford and

Kay,[25].
These equations can he differenced in a variety of

ways; explicitly as in Madni and Pletcher [26], implic-

itly on an evenly spaced _-grid as in Donovan and Todd

[27], or transformed to a normalized _--grid and implic-
itly differenced as in Patankar and Spalding [24]. Each of

these numerical methods were found to have problems.

The explicitDuFort-Frankel method [26], had stability

problems. The implicitCrank-Nicoison method using an

evenly spaced _-grid [27]could not provide enough res-

olutionat the outer low speed edges of the jet. Finally,

Patankar and Spalding'smethod had problems with en-

trainment boundary conditionsat the outer edge. Each

ofthese problems were overcome by using fuiiyimpficlt

differencingand, what isconsidered to be, natural grid

stretchingand naturalouter boundary entrainment. By

choosing a fullyimplicitmethod, the numerical problem

isinherentlystable. The problem of grid resolutionis

solved by using an evenly spaced r-grid.

Detailsof the finitedifferencealgorithm are given by

Dahl [20].The stream functionisobtained from the ax-

ialvelocityusing the trapezoidalrule.Since the problem

isaxisymmetric a symmetry boundary condition isen-

forcedat r --0.The outer boundary conditionissetsucli

that the outer two boundary valuesequal the freestream

values. The consequence of thisboundary condition is

that the jet flow,expanding due to mixing, mus[never

reach the outer grid boundary. This problem isover-

come by adding more gridpointsto the problem further



downstream. All variablesare assigned theirfreestream

valuesat the new gridpoints.As the shear layerofthe

jetexpands, itbecomes possibleto increasethe At-grid

spacingsincelessgrid pointsare necessary to definethe

shear layeraccuratelyas was initiallynecessaryfor the

thin shear layer. Thus, we do not simply continue to

add grid points as the flow expands, but we can, from

time to time, reduce the number of grid points by in-

creasingthe grid spacing. Itwas best to simply double

the grid spacing so that the extrapolated guess fornew

variablesoccurred along constant grid linesin the x-

direction.Thus, no interpolationwas necessary.

2.3 MEAN FLOW PREDICTIONS

The predictionscheme was firsttestedon both subsonic

and supersonic,heated and unheated, singlejetsand sin-

gle jets in a moving stream. The agreement between

the predictionsand measurements were good. The de-

tailsare given in Dahl [20].In the high speed cases,the

predictionswere only as good as the empiricalcorrela-

tion for the effectsof convective Mach number on the

jetspreading rate.Since there isa moderate amount of

scatterof the measured spreading rate data about this

correlation,the predictionsreflectedthesediscrepancies.

Figure I shows a comparison between the predictions

for a normal velocityprofilecoaxialjet and the mea-

surements of Lan [28].The jet operating conditionsare,

ul = 411 m/s, TI = 657°K; u2 - 274 m/s, T2 = 292°K;

rl - 1.96 cm, r2 = 3.91 cm. The agreement for the

radial velocity profiles is good; however, the length of

the potentialcore isunderpredicted. This reflectsthe

small differencesbetween the correlationforthe spread-

ingrate and the measured value inthisexperiment. Fig-

ure 2 shows a comparison between the present predic-

tionsfor an invertedvelocityprofilejet and the mea-

surements ofLau [28].The jet operating conditionsare,

ul = 171 m/s, TI = 292°K; u2 = 274 m/s, T2 = 292°K.

Once again the agreement is good for the radialpro-

filesand thereisqualitativeagreement forthe centerline

profiles.Additional comparisons have been made with

experiments for both NVP and IVP jets. In allcases

thereisat leastvery good qualitativeagreement and of-

ten good quantitativeagreement. This providesus with

confidencethat the predictionscheme has met the goalof

providing a robust and efficientmethod to describethe

mean flow evolution in coaxialjets. These predictions

have been used to determine the evolutionofinstability

waves and theirradiatednoise.This analysisisdescribed

inthe next section.
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3 INSTABILITY WAVES AND RADI-

ATED NOISE

This section describes the analysis that governs the de-
velopment of the instability waves in these jets. The for-

mulation follows the approach of Tam and Burton [21],
with the addition of a nonzero free stream velocity. The

analysis is given in detail by Dahl [20] and only a sum-

mary is given here.
The equations of motion for the fluctuations are the

linearized, inviscid, compressible equations of continuity,

momentum, and energy and the equation of state for

a perfect gas. They are written in a polar cylindrical

coordinate system (r, 0, z) with an origin at the center of

the jet exit. It is recognized that the mean flow develops
slowly in the axial direction. Thus, we transform the

polar coordinates into an (r, 0, s) system where s = ez

and the mean velocity is given by,

V = (_(_, =7,0, _(_, =)) (11)

A seriesexpansion interms ofe isused to describethe

fluctuations,with a fastperiodicvariationgiven by,

.-.[' +-'--')l
Here, n is the azimuthal mode number, w is the radian

frequency and _b(s) is am axial phase function related to

the axial wavenumber <z by d_/ds = a(s). In general,
the ruth-order set of equations can be combined in favor

of the pressure fluctuation ibm and cast in the form,

_
"_+['-=a" _a,J a,- (13)

where _ = _ -- <_. The right side term Gm depends
on lower order terms only. To lowest order, rn = 0, Go

is zero and the equation is homogeneous. The homoge-

neous form ofeqn. (137 is usually called the compressible

Rayleigh Equation. The form of solution in the uniform

flow outside the jet may be written,

Po = Ao(s)HO)(iAr) + Bo(s)H(.2)(iAr) (14)

The functions H(.Z)0 and H(2)0 axe nth-order Ha_kel

functionsof the firstand second kind, respectively,and

= - (15)

The zeroth-ordersolutionto eqn. (13) may be found

by differentmethods and represents a homogeneous

boundary value or eigenvalue problem. Here, we have

used a finite-differenceapproximation to discretizethe

problem. In general,the solutionmay be written,

_o(,-,s)= Ao(,)¢f(r,,)+ B0(s)_(r,s) (10



As r ---,oo, eqn. (16) must tend to eqn. (14) and as

r ---,0,/3omust be finite.

In the regionoutsidethe jet,the ambient conditions

P_o and _o areuniform. Disturbances that travelinthis

regionare independent ofthe coordinatesystem. Hence,

distances traveled by the disturbance in any direction

willbe of the same scale.Using the cylindricalcoordi-

nate system of the inner solution,the axialcoordinate

was rescaledass - oz. To bring the radialcoordinatein

the outer regionto the same scale,we let? : cr be the

scaled radialcoordinate.The solutionmay be obtained

by applying a Fouriertransform in the s direction.The
form ofthe solutionforthe Fouriertransform ofthe axial

velocityfluctuationmay be written,

where,

_=-_'ya/2H_l) (_yl/2) (17)

y _2 4-- 2--2= - _ pooMj v_o (18)

a = -i_ooM]_ (19)

_2 i (:_ __ooM_) (20)=_

q2 rt2 2-2 ,- .4_.2=2 (21)= --f poo.'_jWkuc¢

k isthe transform variablein the s direction(an axial

wavenumber) and _t = _o- ek'_oo.The unknown co-

ellicientsin the inner solutioneqn. (15) and the outer

solutioneqn. (17)may be found by matching the two so-

lutionsin an overlap region.After considerablealgebra

itcan be shown that,tolowestorder in the near field,

co

p(r,O,z,t) = / g(T1)H(nl)(iA(_)r)ei_einee-i_td_ (22)

oo

1/g(_) = _ Ao(eZ) ei¢('=)l'e-in=dz (23)

where

with,
---2 ,12--2\1/2

_(_) = (,1_ - poo_ _j (24)

and _n = o., - _oo.

The pressure in the far field may be obtained by

rewriting the outer solution in spherical polar coordi-

nates z = Rcos_b and r = Rsin _b. The integral expre_
sion for the far field pressure may be approximated with

the method of stationary phase. The stationary point is

given by

= _ = _2M m co_ _**M]_o_
(I-M_)(1- 2 .oM_ sin- ¢) l/_ 1 M_

(25)

and the sound power radiated per unit solidangle,the

directivity,isgiven by,

Ig(W)l_ (26)D(¢) IPlZaz 2
z [1- M&sin__]

Since the rate of spread of the jet is slow for the high

speed jet and _ is very small the value of J0(cz) in eqn.

(23) is taken to be a constant. In addition, ¢b(¢z)/c =
_r

f a(x) dz where a(z) is the eigenvalue found from the io-
0

cal solution of the compressible Rayleigh equation. Thus
to complete the solution it only remains to solve this

equation at each axial location, use these results to ob-

tain the axial wavenumber spectrum of the instability

wave, eqn. (23), and then to obtain either the near field

or far field from eqns. (22) or (26) respectively. De-

tails of the numerical implementation are given by Dahl

[20] and will he reported elsewhere. In the next section
we validate our approach by comparisons with previous

single jet analytic predictions and measurements. Pre-
dictions are then made for both NVP and IVP coaxial

jets.

4 JET NOISE PREDICTIONS

4.1 SINGLE CIRCULAR JETS

We have compared our predictionswith measured flow

and acousticdata forsingleaxisymmetric jets.One ex-

ample isshown here. Further examples are given Dalai

[20].Seiner and Ponton [29]made measurements in a

Msch 2.0 unheated jet. Our predictionsfor the mean

flow development slightlyunderpredict the mixing rate

at this Mach number and the length of the potential

core isslightlyoverpredicted.However, the generalflow

development is represented qualitativelywell. Figure

3 shows a comparison between the measured and pre-

dictednear fieldpressure contours for a Strouhal num-

ber, St = 0.4. The predictionsare made to within an

unknown constant,the initialamplitude of the instabil-

ity wave, and the levelsshould be viewed in a relative

sense. The directionalityof the near fieldiscaptured

well as isthe axiallocation of the peak pressure fluc-

tuations. Figure 4 shows the predictionand measure-

ments for the fax fielddirectivityfor St - 0.2. Once

again the agreement is good. At higher angles to the
jet axis, greater than 45* for these operating conditions,

the measured levels level off and are higher than the

predictions. This is because for these larger angles the

noise is related to other generation mechanisms not in-

cluded in the present predictions. These could include

some weak shock-associated noise or other mixing noise
sources. It should be emphasized that the present pre-

dictions do not rely on the measured mean velocity and



temperature profilesas the basisforthe instabilitywave

noisepredictions.The calculationsonly relyon the op-

eratingconditionsat the jet exit.Thus, we beleivethat

thiscalculationalone representsa significantadvance in

supersonic jet noise predictioncapabilityover existing

methods. In the next sectionthe predictionscheme is

appliedto supersoniccoaxialjets.

4.2 COAXIAL CIRCULAR JETS

In thissectionwe conduct a limitedparametric study of

the noiseradiationfrom coaxial,perfectly-expanded,su-

personicjets.To cover a complete range ofchanges in all

possibleparameters representsan enormous task. Here

we simply compare the effectsofchanging the operating

conditionsof both NVP and IVP jets to maintain the

same thrust,mass-flow and exit area as a singleequiv-

alentjet (SE3). The SE3 has operating conditions,exit

velocityof 1330 m/s and exittemperature 1100 K. These

exitconditionsaxe appropriate forprojected supersonic

jettransportaircraft.With the exitarea fixed,the NVP

calculationshave been conducted for a limitedrange of

conditionsand the IVP jetsare operated atthe minimum

noiseconditiongiven by Tanna etal[10].The area ratio

isfixedat 1.25 and the external velocityisnegligible.

The procedures forthe calculationofthe exitconditions

isgiven by Dabl [20].The valueschosen forthe present

study are shown in Table. I.

4.2.1 NORMAL VELOCITY PROFILE JETS

The mean flowpredictionscheme has been used todeter-

mine the development of the mean velocityand density.

The end ofthe inner potentialcore increasedwith veloc-

ityratioand decreased with innerjettemperature. The

outerpotentialcore lengthincreaseswith outerjetveloc-

ityand lower outer jet temperatures. Predictionsof the

development of the instabilitywaves on both the inner

and outerjetshear layershave been made. These results

have been used to determine theirwavenumber spectra

and the resultingnear and farfieldpressurelevels.Only

a few summary results are given here for the far field di-

rectivities. Typical predictions are shown in figs. 5 and
6 for a Strouhal number 0.12 and a helical n = 1, and

axisymmetric n = 0, mode respectively. Generally, for

the helical mode, the relative levels for the coaxial jet are

lower than the reference jet. Only the levels for the in-

stability wave that generates the greatest far field levels

have been included. This could be an instability wave

associated with either the inner or outer jet shear layer.

In general, as the density ratio s = P2[pz decreases the

inner high speed stream cools and the instability wave

growth is enhanced on the inner shear layer and tends

to dominate the radiated noise. For the axisymmetric

mode the radiated noise is generally dominated by the

(a)
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Figure 3 - Comparison of near field pressure contour
predictions with measurements of Seiner and Ponton
[29].
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innershear layerinstability.However, the helicalmodes

axe generating higher noise levels in the far field. Also,

the radiated noise levels may be either higher or lower

than the SEJ. We note that for the NVP jets only the

r = u_lul = 0.8,8 = 1.0and r = 0.8,s = 2.0 casesgive

reductionsforboth the axisymmetric and helicalmodes

at allfrequencies.Tanna [9]commented that the shock

freeNVP jet could be quieterthan the SEJ for r close

to unity and s < I. Support for thisconjectureappears

inthe r = 0.8,s = 0.5 case where reductionsof nearly

10dB axe predictedforthe helicalmode. There axesome

slightgains forthe axisymmetric mode but the predicted

far fieldlevelsfor thismode are lower•

4.2.2 INVERTED VELOCITY PROFILE JETS

The extensiveexperimental studiesby Dosanjh etal[I],

[2]and Tanna etal[I0]have shown the benefitsinshock-

associatednoise production by operating at the mini-

mum noisecondition.Here,w e considerthe _ng noise

from IVP jetsoperatingon-design.The operatingcondi-

tionschosen axe given inTable 1.The mean flowpredic-

tionsshow a flow development similaxto that measured

by Au and Ko [30]for subsonicjets. As the two shear

layersmerge a localmaximum inthe axialvelocitydevel-

ops which moves towards the jet axis downstream. For

the givenoperating conditions,that resultsinfixedMach

numbers forthe innerand outer streams, as r increases

and the temperatures adjustaccordinglyboth potential

Figure 5 - Far field directivity patterns for
cases. 3t ----0•12, n = I.
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coresdecreasein length.The locationof the maximum

velocityon thejet axismoves furtherdownstream as the

outerstream velocityincreases.Figures7 and 8 show the

predictedfarfielddirectivitiesforSt - 0.2 and the heli-

caland axisymmetric modes respectively.A comparison

with figs.5 and 6 shows that the predicted levelsare all

higherthan the SEJ. Tanna [9]concluded thatshock-free

[VIa were noisierthan the SE3 at high frequenciesand

quieteratlow frequencies.We have found no evidence of

thistrend in these predictions.However, the minimum

noiseconditionconstrainthas fixedthe densityratiofor

a given area ratio.Ifthereisto be any benefitto having

a differents atthe same valueof r, the area rationeeds

to be changed.

As a finalcalculation,we considered a change in the
area ratiofrom 1.25 to 0.5. The value of r was fixedat

4.1,so that,for fixed thrustand mass flow the density

ratioisincreasedfrom 0.37 to 0.59 and the outer stream

Mach number increases to 3.2. This case was chosen

forcomparison as itproduced the highestfar fieldlev-

els of any IVP case. Figure 9 shows the predicted far

fielddi_ectivitiesfor the St --0.4 and the helicalmode.

The peak levelsare reduced by a decrease in the area

ratio.Even though the outer stream has a higherinitial

velocity,itssmaller thickness translatesinto a shorter

outer potentialcore and increased spreading when the

shear layersmerge. This resultsin a fasterdecrease to

the growth ratesofthe outer shear layerinstabilitywave

and a resultinglower farfieldlevel.Thus thereare some

benefits to operating with a lower area ratio.

5 SUMMARY

In this paper we have describedthe development of a

procedure for the predictionof noise from the instabil-

itywaves ofsupersoniccoaxialjets.The development of

the mean flowispredictedfrom a solutionof the bound-

ary layerequations and a simple,calibratedturbulence

model. The evolution of the instabilitywaves on the

inner and outer shear layersare determined from a lo-

cal solutionof the compressibleRayieigh equation. The

near and far fieldpressure levelsare found by match-

ing the instabilitywave solutionwith the outer acoustic

solution.

The procedure developed inthispaper enablespredic-

tionsof relativelevelsinthe near and farfieldsto be de-

terrninedfrom knowledge only of the jetexitconditions.

This representsa considerableadvance over previous pre-

dictionschemes and offersthe opportunity for efficient

parametric studiestobe conducted. Inthe presentpaper

a limited study has been performed. The results indicate
that, for a fixed area ratio, there are benefits from the

use of a NVP jet compared to the SEJ. No such benefits

accrued for IVP jets. However, changes in the area ratio

could provide benefits in the IVP case.
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r s Ul(m/s)

Reference - - 1330.0

NormM

Case #

Inverted

Case #

0.80 1.00 1477.8
0.60 1.00 1605.2

0.40 1.00 1662.2

0.80 2.00 1534.6

0.40 2.00 1900.0

0.80 0.50 1425.0

0.40 0.50 1511.4

24 1.75 2.07 823.7

20 2.50 1.01 621.1

21 2.90 0.75 556.0
22 3.55 0.50 "481.4

23 4.10 0.37 436.7

U2(m/s) TI(K) T2(K) M1 M2

- 1100.0 - 2.0 -

1182.2

963.1

665.0

1227.7

760.0

1140.0

604.5

1441.4

1552.9

1612.3

1708.9

1790.6

1086.4 1086.4 2.2 1.8

1032.6 1032.6 2.5 1.5

916.7 916.7 2.7 1.1

1692.3 846.2 1.9 2.1
1396.8 698.4 2.5 1.4

785.7 1571.4 2.5 1.4

694.4 1388.9 2.9 0.8

1678.4 808.1 1.0 2.5

954.5 937.9 1.0 2.5

764.7 I011.0 1.0 2.5

573.3 1135.8 1.0 2.5

471.9 1247.0 1.O 2.5

Table I Operating conditionsfor NVP and !VP jets

and SEJ. Radius Ratio r2/rl = 1.5 ; Velocity Ratio,

r = u2/ulT; Density Ratio, s = P2/Px = TILT2 .

(Constant Thrust and Constant Mass Flow).
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